The influence of nineteen flavonoids on cow's milk xanthine oxidase (xanthine: oxygen oxidoreductase, EC 1.2.3.2) was investigated. The enzyme activity was estimated by measuring the increase in absorbance at 290nmdue to uricate formation as well as by a colorimetric method assaying hydrogen peroxide generated from uricate by uricase. Among the flavonoids tested, myricetin, kaempferol, quercetin, fisetin, quercitrin, and morin inhibited the enzyme strongly at 50/im; the concentrations which gave 50% inhibition (ID50) were 2, 2, 3, 7, 15, and 19jim, respectively. The inhibition mode of the former three compounds was of mixed type and the kinetic parameters were determined. Chrysin and naringenin were moderately inhibitory, while other flavonoids showed weak to no inhibition.
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Flavonoids
have various biochemical effects.1} They inhibit a number of hydrolytic enzymes such as alkaline phosphatase,2) yeast a-glucosidase3) and Streptococcus mutans dextransucrases.4) They were also reported to inhibit glyoxalase I,5) which is probably involved in inflammation. They were described as inhibiting oxidation-reduction enzymes such as cyclooxygenase6) and lipoxygenase7) in addition to aldose reductase.8) Some flavonoids also suppressed non-enzymatic collagen degradation caused by superoxide.9) Other flavonoids were antiinflammatory.10) Quercetin and morin inhibit carcinogenesis.n'12) We happened to find that some flavonoids inhibit cytochrome c reduction by superoxide generated by a xanthine-xanthine oxidase system. We soon noticed that the inhibition was caused by suppression of xanthine oxidase activity by flavonoids. This study deals with the inhibition of xanthine oxidase (xanthine : oxygen oxidoreductase, EC 1.2.3.2) by some flavonoids, as one of the studies on biochemical effects of flavonoids being performed in our laboratory.
MATERIALS AND METHODS
Reagents. The sources of the flavonoids tested were described elsewhere.3) Newly tested commercial flavonoids in this study were flavone and 3-hydroxyflavone (Tokyo Kasei). Baicalin and wogonin glucuronide were obtained through the courtesy ofDr. T. Yamagishi of the Hokkaido Institute of Public Health. Other chemicals were purchased from the commercial sources indicated and used without further purification. Xanthine oxidase from cow milk (20 U/ml), beef liver catalase (1.3 x 106 U/20mg/ml) (Boehringer); xanthine (Nakarai); and allopurinol (Wako).
Xanthine oxidase activity. The increase in absorbance at 290nmwas measured after terminating the reaction in 30 min by adding hydrochloric acid to the reaction mixture as described by Noro et al.,13) who modified the original method reported by Kalckar.14) DMSOwas used instead of ethanol and Tween 80 in our study. The rate of inhibition (%) was calculated as follows: (l-AAteĴ control) x 100, where AAindicates the increase in absorbance in 30 min.
In a second method, uricate concentration was determined with a commercial kit, the Uric Acid B-Test (Wako). The principle of the measurement involves conversion of uricate into allantoin and hydrogen peroxide, and condensation of 4-aminoantipyrine and 3-methyl-TVethyl-A^-(j5-hydroxyethyl)-aniline into a purple pigment in the presence of hydrogen peroxide by the help of peroxidase. To eliminate hydrogen peroxide formed in the xanthine oxidase reaction, the reaction mixture was treated with catalase in advance. The mixture contained 1.56ml of50mM sodium phosphate buffer, pH 7.8, 0.20ml of 1mMdisodium EDTA, 0.20ml of 10mMxanthine, 0.02ml of 10mMflavonoid in DMSO. After preincubation at 30°C for lOmin, 0.04ml ofxanthine oxidase, diluted 15-fold with 1mMEDTAin 2m ammoniumsulfate, was added. The mixture was incubated at 30°C for lOmin and placed in a boiling water bath for 3min. One ml of the supernatant (3,000 rpm x 5 min) of the heated mixture was treated with 0.1 ml of catalase, diluted 5-fold with 50mM sodium phosphate buffer pH 7.8 at 30°C for 3min. The mixture was heated in a boiling water bath and the supernatant (3,000 rpm x 5min) was used as a sample for uricate determination.
The procedure thereafter was according to the manual attached to the kit. The suppression of coloration was observed with some flavonoids. Hence the correction was made with these flavonoids in the estimation of the amount of uricate formed.
RESULTS
Ejfects of flavonoids on xanthine oxidase activity Table I gives the effects of flavonoids on xanthine oxidase activity at 50jim concentration. ID50's are also listed with flavonoids inhibiting more than 70% at 50piM. One of the results is illustrated in Fig. 1 , when quercetin was used as an inhibitor.
Myricetin, kaempferol, quercetin, fisetin, quercitrin, and morin were strong inhibitors. Table I also contained the result with allopurinol, a potent inhibitor of xanthine oxidase. Inhibition of uricate formation by some Table I . Effects of Flavonoids on Xanthine Oxidase Activity as Measured by Uricate Formation The enzyme activity was estimated either by measuring the absorbance at 290 nm due to uricate formed or by determining the amount of hydrogen peroxide after uricase treatment. Experimental details are described in the text. In the class column, A, B, and C mean flavonol, flavone, and flavanone, respectively; G indicates glycoside. The number in the parenthesis means the numberof aromatic hydroxyl groups present in each flavonoid. The flavonoid concentration was 50 fiu except that those of chrysin and 3-hydroxyflavone were 25 and 5 jWM, respectively, because of their low solubilities.
Activity assay method Function of Quercetin Concentration.
The reaction was followed by measuring absorbance at 290 nmdue to uricate formation. The experimental conditions were the same as described in the legend to Table I except that concentrations of quercetin were varied. Each point indicates the average of triplicate measurements.
flavonoids was also confirmed by a colorimetric method with a different principle using uricase. Table I shows the result. Myricetin, quercetin, and kaempferol were strong inhibitors as they were in the experiments with the activity assay measuring UVabsorbance.
Effects of albumin on xanthine oxidase inhibition by flavonoids
To confirm the specificity of flavonoid inhibition against xanthine oxidase, albumin was added to the reaction mixture. The degree of xanthine oxidase inhibition by quercetin decreased slightly, as the albumin concentration increased, although the data are not shown here. Yet in the presence ofa large amount of albumin (50-fold), quercetin still inhibited considerably, suggesting that specific binding of quercetin with xanthine oxidase occurs.
Inhibition mechanism
The inhibition mechanisms of the three flavonoids that are potent inhibitors of xanthine oxidase were studied by kinetic analysis with double-reciprocal plotting. Figure 2 shows the Lineweaver-Burk plots of reactions in the presence and absence of quercetin in a xanthine oxidase reaction mixture. Table II gives the types of inhibition and the dissociation constants with quercetin and other Reaction in the Presence and Absence of Quercetin.
The enzyme activity was estimated by measuring absorbance at 290nmdue to uricate formation. The reaction conditions were the same as those described in the legend to Table I flavonoids.
DISCUSSION
Kinetic analysis (Table II) revealed that myricetin inhibited xanthine oxidase largely imcompetitively with respect to xanthine as a substrate. Thus myricetin is supposed to bind to the enzyme-substrate complex rather than to free enzyme. The inhibitions by kaempferol and quercetin were a mixture of the uncompetitive and non-competitive modes, with respect to xanthine as a substrate.
Generally speaking, flavonols were strong inhibitors. In addition, the greater the number of aromatic hydroxyl groups in a flavonoid, the stronger the inhibition of the flavonoid against xanthine oxidase. The increase of the numberof hydroxyl groups means the increase of hydrophilicity.
Flavonoids having many hydroxyl groups such as myricetin and quercetin are yet insoluble in water, indicating that they can be surfactants because of the concomitant presence of hydrophilicity and hydrophobicity in each molecule. Their inhibition might be attributable to their surface activity.
Myricetin, and quercetin might act as specific surfactants which bind to the enzyme with special affinity. The presence of glycosyl groups decreased the inhibition as could be seen in the cases of quercitrin, rutin, naringin, and myricitrin, compared to their aglycons. Glycosyl groups seemed to be too bulky or too hydrophilic and prevent the glycosidic flavonoids from coming into contact with the enzyme. The determination of partition coefficients of flavonoids between water and organic solvents as a measure of surfactant activity and correlating them with the inhibitory activity is nowin progress. 
